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Gene ablation studies in mice have revealed roles for gap junction proteins (connexins) in heart development. Of the 20 connexins in
vertebrates, four are expressed in developing heart: connexin37 (Cx37), connexin40 (Cx40), connexin43 (Cx43), and connexin45 (Cx45).
Although each cardiac connexin has a different pattern of expression, some heart cells coexpress multiple connexins during cardiac
morphogenesis. Since different connexins could have overlapping functions, some developmental phenotypes may only become evident
when more than one connexin is ablated. In this study, we interbred Cx40/ and Cx43/ mice to generate mice lacking both Cx40 and
Cx43. Cx40/Cx43/ mice die around embryonic day 12.5 (E12.5), much earlier than either Cx40/ or Cx43/ mice, and they exhibit
malformed hearts with ventricles that are abnormally rotated, suggesting a looping defect. Some Cx40/Cx43/ animals also develop head
defects characteristic of exencephaly. In addition, we examined mice lacking both Cx40 and Cx37 and found a high incidence of atrial and
ventricular septal defects at birth. These results provide further evidence for the importance of gap junctions in embryonic development.
Moreover, ablating different pairs of cardiac connexins results in distinct heart defects, suggesting both common and unique functions for
Cx40, Cx43, and Cx37 during cardiac morphogenesis.
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Cardiac morphogenesis involves a series of molecular and
cellular interactions that transforms cardiogenic precursors
first into a linear heart tube, then into a looped structure, and
finally into a mature four-chambered heart. A variety of
experimental approaches, including genetic and transgenic
strategies, have been used to identify the molecules and
regulatory events that govern heart development. These
studies have revealed crucial roles for transcription factors,
signaling molecules, cell adhesion molecules, and ion chan-
nels (Srivastava and Olson, 2000). A relatively recent addi-
tion to the list of molecules important for cardiac
development are the connexins, a family of proteins that
make up gap junction channels. Gap junctions are congeries
of intercellular channels formed by the nexus of hemichan-
nels present in adjacent plasma membranes (Evans and0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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tions, cells are enabled to directly exchange ions, small
metabolites, and signaling molecules (<1 kDa) (Bruzzone
et al., 1996). Out of the 20 connexins identified thus far in
vertebrates, four (Cx37, Cx40, Cx43, and Cx45) have been
detected in the developing and mature heart (Gros and
Jongsma, 1996).
In the embryonic mouse heart, Cx40, Cx43, and Cx45 are
expressed in overlapping spatial and chronological patterns
in cardiomyocytes. Cx45 expression is turned on earliest,
approximately E8.5, and is subsequently downregulated by
E11 (Alcolea et al., 1999). Cx43 transcripts can be detected
by RT-PCR as early as E8.5, although the protein is first
detectable in the ventricles at a slightly later stage (E9.5) and
not before E12.5 in the atria (Delorme et al., 1997). Cx43
levels are significantly upregulated at E14.5 and later stages,
and eventually Cx43 becomes the predominant connexin in
adult ventricular myocytes (Fromaget et al., 1990). Cx40
protein first becomes readily detectable between E9.5 and
E11, when it is found in the primitive atrium and the left
ventricle, but remains absent from the right ventricle until
A.M. Simon et al. / Developmental Biology 265 (2004) 369–383370E11.5 (Delorme et al., 1997; van Kempen et al., 1996). Later
in development, Cx40 is progressively restricted to the atria
and ventricular conduction system (Delorme et al., 1995).
Besides cardiomyocytes and conducting cells, other cell
types in the developing heart also express gap junction
proteins. Cx37 and Cx45 are found in cardiac endothelial
cells, including those lining the atrioventricular canals, and
Cx45 is additionally present in endocardial cushion cells
(Delorme et al., 1997; Kru¨ger et al., 2000; Kumai et al.,
2000). Using a different antibody, Haefliger et al. (2000) have
also reported low levels of Cx37 in the mesenchyme of the
conotruncal ridges and the atrioventricular cushions as well
as in trabeculated and compact layers of ventricular myocar-
dium. Cx40 is expressed by coronary blood vessel endothe-
lium but not by endocardial cells (Delorme et al., 1997). In
addition to its role in the myocardium, Cx43 is involved in
intercellular coupling of migrating cardiac neural crest cells,
which contribute to the development of specific structures in
the heart (Lo et al., 1999). The functions of gap junctions in
connexin-expressing cells of the heart, or associated with the
heart, are only partly understood.
Each of the cardiac connexins has been individually
ablated in mice by gene targeting. In addition to providing
evidence for the crucial role that gap junctions play in
conducting and coordinating electrical activity in the heart,
connexin knockouts have also revealed important develop-
mental roles for gap junction-mediated communication (Lo,
2000; Nishii et al., 2001). Cx43 was the first connexin
targeted, and the resulting knockout mice uncovered a role
for Cx43 in the development of the conotruncus and pulmo-
nary outflow tract of the heart (Reaume et al., 1995). These
defects result in neonatal lethality and appear to be largely
due to altered function of cardiac neural crest cells (Lo et al.,
1999). In addition, heart looping defects have been described
in Cx43/ animals, although the looping abnormalities were
resolved in most embryos by E12 (Ya et al., 1998). Ablation
of Cx40, on the other hand, results in mice with prolonged
atrioventricular conduction, right bundle branch block, and a
predisposition for arrhythmias (Kirchhoff et al., 1998; Simon
et al., 1998). Recently, cardiac defects, most commonly
conotruncal malformations corresponding to either double
outlet right ventricle or tetralogy of Fallot, have been detected
in a subset of Cx40/mice (Gu et al., 2003). Kirchhoff et al.
(2000) have reported reduced embryonic viability of an
independently generated Cx40/ mouse strain, with some
embryos exhibiting small septational defects at E12.5. In
addition, a minority of the Cx40/mice died after birth with
cardiac hypertrophy combined with common atrioventricular
junction or ventricular septal defect. Elimination of Cx45
results in the earliest lethality of the cardiac connexin knock-
outs (Kru¨ger et al., 2000; Kumai et al., 2000). Cx45/ mice
die at approximately E10 with conduction block, dilated
hearts, and an endocardial cushion defect likely arising from
impaired epithelial–mesenchymal transformation of the car-
diac endothelium. No cardiac abnormalities have been
reported at present in Cx37/ mice.Many cells in the heart simultaneously express two ormore
connexins at some point during cardiac morphogenesis, and
coexpressed connexins possibly have some common func-
tions in these cells. A subset of developmental phenotypes
may therefore only be observedwhenmore than one connexin
is eliminated. To address this issue, we have interbred con-
nexinmutantmice to generate animals lacking pairs of cardiac
connexins. In this report, we describe cardiac developmental
defects in mice lacking both Cx40 and Cx43, as well as mice
with both Cx40 and Cx37 ablated. We show that Cx40/
Cx43/mice die at approximately E12.5,much earlier than
either Cx40/ or Cx43/ mice, and that they have cardiac
malformations that appear to be a more severe version of a
heart looping defect previously described in Cx43/ mice
(Ya et al., 1998). In addition, Cx40/Cx43/ animals are
prone to cranial defects characterized by exencephaly. Cx40/
Cx37/ mice, on the other hand, do not develop heart
looping defects or exencephaly, but exhibit a high incidence
of atrial and ventricular septal defects at birth.Methods
Mouse breeding strategy
Cx40/Cx43/ mice were produced by interbreeding
Cx40/ mice (129/Sv-C57BL/6 strain background) and
Cx43+/mice (C57BL/6 strain) (Reaume et al., 1995; Simon
et al., 1997). Cx43+/ animals were purchased from The
Jackson Laboratory (Bar Harbor, ME). Cx40+/Cx43+/
offspring were backcrossed with Cx40/ mice. Cx40/
Cx43+/ mice obtained from the backcrosses were interbred
to generate Cx40/, Cx40/Cx43+/, and Cx40/
Cx43/ animals at various developmental stages. For
timed pregnancies, E0.5 was defined as the morning on
which a vaginal plug was present. Cx40/Cx37/ ani-
mals (129/Sv-C57BL/6 strain background) were produced
as previously described (Simon and McWhorter, 2002).
Wild-type controls were of the same strain background as
connexin-deficient animals.
PCR genotyping
Mice were genotyped by PCR, using either tail DNA or
yolk sac DNA as template. Wild-type and knockout alleles
of Cx40 and Cx37 were amplified as previously described
except the Cx37 sense primer was modified to correct a one
base mismatch in the earlier protocol (correct sequence: 5V-
TGCTAGACCAGGTCCAGGAAC-3V) (Simon and
McWhorter, 2002). Cx43 wild-type and knockout alleles
were amplified with the following primers: primer 1: 5V-
CCCCACTCTCACCTATGTCTCC-3V; primer 2: 5V-
ACTTTTGCCGCCTAGCTATCCC-3V; primer 3: 5V-
AGAGGCTATTCGGCTATGACTG-3V. Primers 1 and 2
amplify an approximately 0.5-kb fragment from the Cx43
wild-type allele (De Sousa et al., 1997). Primers 2 and 3
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knockout allele. Following an initial 3-min denaturation at
94jC, 30 cycles were performed using Advantage 2 poly-
merase enzyme (Clontech) with the following parameters:
94jC denaturation (30 s), 65jC annealing (30 s), 72jC
extension (90 s).
Immunohistochemistry
E12.5 embryos were frozen unfixed in Tissue-Tek O.C.T.
embedding medium and sectioned at 10-Am thickness.
Before immunostaining, sections were fixed in acetone at
20jC for 5 min and then blocked in a solution containing
phosphate buffered saline, 4% fish skin gelatin, 1% normal
goat serum, 0.25% Triton X-100, for 20 min. Anti-connexin
antibodies (approximately 0.5 mg/ml) were diluted 1/150–
1/300 in blocking solution and incubated on sections for 2
h at room temperature. Anti-Cx37, anti-Cx40, and anti-
Cx43 sera were kindly provided by David Paul (Harvard
Medical School) and have been described previously (Beyer
et al., 1987; Gabriels and Paul, 1998). Anti-Cx45 antibody
was generously supplied by Thomas Steinberg (Washington
University) and was used at a 1/1200 dilution (Lecanda et
al., 1998). To stain for endocardium and blood vessels,
sections were incubated with anti-PECAM-1 antibody
(Pharmingen, clone MEC 13.3), diluted at 1/200. Myocar-
dium was labeled with an anti-desmin antibody (Sigma)
diluted 1/100. For negative controls, the primary antibody
(or both primary and secondary antibody) was omitted on
nearby sections. Sections were washed and then incubated
for 1 h with CY3-conjugated AffiniPure Donkey antirabbit
IgG (H + L; Jackson ImmunoResearch) to detect connexin
and desmin labeling or CY3-conjugated AffiniPure Donkey
anti-rat IgG (H + L; Jackson ImmunoResearch) to detect
PECAM-1 labeling. After washing, sections were viewed
with an Olympus BX51 fluorescence microscope. Images
were captured with a SensSys 1401 CCD camera (Photo-
metrics) and ImagePro software.
Histology
Specimens were fixed in Bouin’s fixative or 4% parafor-
maldehyde before processing for paraffin sectioning. Sam-
ples were embedded in Paraplast Plus (Oxford) and serially
sectioned, transversely, frontally, or sagittally (as indicated)
at 6-Am thickness and stained with hematoxylin-eosin. Five
to twenty-four embryos of a given genotype were sectioned at
each embryonic stage. Samples for electron microscopy were
fixed in Karnovsky’s fixative and embedded in methacrylate.
Quantitative RT-PCR
Quantitative RT-PCR was performed with RNA obtained
from hearts of wild-type, Cx40/, Cx43/, and Cx40/
Cx43/ mice. Five E11.5 hearts were pooled for the
preparation of RNA from hearts of each genotype. Twoindependent RNA isolations were done per genotype. Hearts
were homogenized in 0.75 ml of lysis solution (4 M
guanidinium thiocyanate, 25 mM sodium citrate, 0.5%
sodium lauryl sarcosinate, 0.1 M h-mercaptoethanol) using
a 2 ml Duall glass homogenizer. Total RNA was isolated
according to the method of Chomczynski and Sacchi (1987).
RNA was treated with DNAse I, and resuspended in 30 Al.
Four microliters of RNA (approximately 1 Ag) was reverse-
transcribed using an oligo dT18 primer. The final cDNA
volume was adjusted to 100 Al. cDNAs (2.5 Al) were used for
real-time PCR quantification in 25-Al reactions using Ad-
vantage 2 polymerase (Clontech). SYBR Green I (Molecular
Probes) was included in the reactions at a concentration of
0.5 for product detection. Amplification and fluorescence
detection was performed in a Smartcycler II system (Cephe-
id). Following 3 min at 94jC, five cycles of touchdown PCR
were performed with a 1jC decrement in annealing temper-
ature after each cycle. The initial cycling parameters for
Cx37, Cx40, Cx43, Cx45 targets were 94jC denaturation
(10 s), 69jC annealing (10 s), 72jC extension (10 s). Cycles
6–40 were performed with the following parameters: 94jC
denaturation (10 s), 64jC annealing (10 s), 72jC extension
(10 s). For glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) amplification, cycling conditions were identical
except that the starting annealing temperature was 70jC and
the final annealing temperature was 65jC. Each cDNA was
analyzed independently by real-time PCR two to five times,
each time in triplicate or quadruplicate. Threshold cycles
were determined from the second-derivative of the amplifi-
cation curves using SmartCycler II software. The fluores-
cence threshold was run-based and set at three standard
deviations above background fluorescence. A standard curve
for each target amplicon was generated to convert cycle
thresholds into relative copy numbers for comparisons.
Amplicon identity was checked by melting curve analysis
and by agarose gel electrophoresis. Connexin signals were
normalized to GAPDH levels. Primers for amplification of
Cx37, Cx40, Cx43, and GAPDH cDNAs were as described
previously (Simon and McWhorter, 2003). Cx45 primers
were those described by Kumai et al. (2000).Results
Cx40/Cx43/ mice die around E12.5
Mice lacking both Cx40 and Cx43 were generated by
interbreeding Cx40/ and Cx43/ mouse lines (Reaume
et al., 1995; Simon et al., 1997). Cx40+/Cx43+/ offspring
were crossed with Cx40/ animals and the litters screened
for Cx40/Cx43+/ mice. Cx40/Cx43+/ animals were
interbred and the resulting litters were genotyped using 3-
primer PCR assays at various stages of embryonic devel-
opment and at 3-weeks postnatal (Figs. 1A,B; Table 1).
Overall, the frequency of Cx40/Cx43/ offspring iden-
tified between E9.5 and E14.5 was 25%, the expected
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Before E12.5, the external appearance of Cx40/Cx43/
animals typically appeared normal (Fig. 2B). At E12.5,Fig. 1. Identification of Cx40/Cx43/ mice by PCR and immunostaining. (A)
DNA of three E12.5 littermates (lanes labeled 1–3). A 0.5-kb fragment indicates t
Cx43 allele. (B) A similar PCR analysis of wild-type and knockout Cx40 alleles us
Cx40 allele, whereas a 0.47-kb fragment indicates the knockout Cx40 allele. The e
indicates molecular weight markers. Sizes of markers (in kilobases) are listed at lef
template, and C lane indicates that no template was added. (C) Immunofluoresce
Cx40/Cx43/ E12.5 mouse hearts. Cx40 and Cx43 immunostaining was de
Desmin and PECAM immunostaining was similar in wild-type and Cx40/Cx4
stained with hematoxylin to show the tissue outline (right-hand panels in C). v, vhowever, half of the embryos showed signs of resorption,
and by E13.5 and E14.5, almost all of the embryos were
arrested in development and partially degraded (Fig. 2F;PCR analysis of wild-type (WT) and knockout (KO) Cx43 alleles from tail
he wild-type Cx43 allele, whereas a 1.4-kb fragment indicates the knockout
ing the same tail DNA samples. A 0.27-kb fragment indicates the wild-type
mbryo analyzed in the lane labeled 3 was identified as Cx40/Cx43/. M
t of panels. +C lane indicates that positive control mouse DNAwas used as a
nce staining of ventricular sections (transverse orientation) of wild-type and
tected in the wild-type sections but not in the Cx40/Cx43/ sections.
3/ samples. After immunostaining, the Cx40/Cx43/ sections were
entricle. Scale bar, 200 Am.
Table 1
Genotypic analysis of litters after interbreeding Cx40/Cx43+/ mice








E9.5 31 8 14 9
E10.5 90 19 50 21
E11.5 153 30 73 50
E12.5 141 41 76 24
E13.5 25 5 16 4
E14.5 45 17 14 14
E9.5–E14.5 485 120 (25%) 243 (50%) 122 (25%)
Three weeks
postnatal
466 234 (50%) 232 (50%) 0 (0%)
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defects were noted in some of the Cx40/Cx43/ embryos
and more rarely in Cx40/Cx43+/ embryos (Fig. 3; Table
2). The frequency of contractile arrest in Cx40/Cx43/
hearts also increased dramatically at E12.5 compared to
littermates and wild-type controls (Table 2). Not surpris-
ingly, Cx40/Cx43/ embryo weights deviated from the
developmental curve of littermates beginning around E12.5
compared with Cx40/Cx43+/+ and Cx40/Cx43+/ em-
bryos (Fig. 2G). No Cx40/Cx43/ animals were found
among 3-week-old weanlings (466 animals analyzed) (Ta-
ble 1). Furthermore, at weaning, only about half of the
expected numbers of Cx40/Cx43+/ animals were
obtained (232 instead of approximately 468 as expected),Fig. 2. Cx40/Cx43/ mice die at approximately E12.5. (A–F) Gross appe
littermate controls. At E9.5–E11.5, most of the Cx40/Cx43/ embryos appe
showed signs of resorption. The Cx40/Cx43/ embryo shown in D was still
Cx43/ animals were arrested in development and partially degraded as in F. (G
controls beginning around E12.5 (total of 134 embryos analyzed).indicating reduced viability of animals of this genotype as
well (Table 1). We have not determined precisely when
50% of the Cx40/Cx43+/ animals lose viability.
Kirchhoff et al. (2000), however, studied independently
generated animals of this genotype and found that they die
within the first two postnatal days. We analyzed Cx40/
Cx43+/ embryos by dissection and histology and found
no cardiac developmental defects in these animals at stages
E12.5–E13.5, but we have not examined them at later
stages (Table 2).
We confirmed that Cx40/Cx43/ embryos identified
by PCR lacked both Cx40 and Cx43 in cardiac tissues by
immunostaining (Fig. 1C). Cx40 and Cx43 immunosignals
were present in ventricular sections of E12.5 wild-type
hearts, most abundantly in the trabeculated myocardium,
but were absent in Cx40/Cx43/ sections. As controls,
nearby ventricular sections were immnunostained for des-
min, expressed by cardiac myocytes, or PECAM, a marker
for vascular endothelium and endocardium (Fig. 1C). Ex-
pression of these markers appeared similar in Cx40/
Cx43/ and wild-type sections. Analogous immunostain-
ing results were obtained with atrial sections of wild-type
and Cx40/Cx43/ embryos.
Head defects in Cx40/Cx43/ mice
A subset of Cx40/Cx43/ embryos exhibited head
abnormalities characteristic of cranial neural tube closurearance of E11.5–E13.5 Cx40/Cx43/ embryos and Cx40/Cx43+/+
ared externally normal. At E12.5, 63% of the Cx40/Cx43/ embryos
viable and looked normal. By E13.5–E14.5, virtually all of the Cx40/
) The mean weight for Cx40/Cx43/ embryos deviated from littermate
Fig. 3. Exencephaly in Cx40/Cx43/ embryos. (A) At E11.5 and E12.5
(shown), Cx40/Cx43/ embryos showed a high incidence of exence-
phaly. (B, C) Hematoxylin and eosin stained sagittal sections of an E11.5
Cx40/Cx43/ embryo with exencephaly. Note the collapsed ventricles
of the brain (arrowheads) and the thick convoluted neuroepithelium
(arrows). (D) Sagittal section of an E11.5 wild-type embryo head. (E)
Transverse section near the top of the head of an E11.5 Cx40/Cx43/
embryo with exencephaly. Note the pronounced infolding of the neuro-
epithelium (arrow) and the absence of brain ventricles. (F) Transverse
section near the top of the head of a E11.5 littermate without exencephaly.
bv, brain ventricle. Scale bars, 500 Am (B–D) and 200 Am (E, F).
Fig. 4. Abnormal gross cardiac morphology in Cx40/Cx43/ embryos
at E12.5. The appearance of hearts (viewed frontally) in the exposed
thoraxes of wild-type and connexin-deficient E12.5 embryos (formalde-
hyde-fixed). All embryos were alive prior to fixation. Hearts from wild-type
(A), Cx40/ (B), and Cx43/ (C) embryos appeared externally similar.
The ventricles from Cx40/Cx43/ embryos (D–F), however, were
malformed and abnormally rotated, such that the right ventricle took on a
more craniomedial position than normal. The outflow tract of the heart was
displaced laterally, and its angle of attachment to the ventricles was more
acute than in control embryos. In addition, the bulbo-ventricular groove
normally present between left and right ventricles was absent or less
pronounced in the Cx40/Cx43/ hearts. Atria tended to be dilated in the
Cx40/Cx43/ hearts. Poor vascular perfusion was noted in the liver of
Cx40/Cx43/ animals. ra, right atrium; la, left atrium; rv, right
ventricle; lv, left ventricle.
A.M. Simon et al. / Developmental Biology 265 (2004) 369–383374defects (Fig. 3A). Cranial abnormalities in Cx40/Cx43/
embryos were infrequent at E10.5 (2 out of 21 embryos) but
became more prevalent by E11.5 and E12.5 (8 out of 50; 6
out of 24 embryos, respectively) (Table 2). Head defects
were also observed in some Cx40/Cx43+/ embryos, but
the frequency of occurrence was substantially lower (6 out of
76 embryos at E12.5) than in double knockouts (Table 2).
The severity of cranial defects varied from mild, incomplete
neural tube closure in the midbrain–hindbrain region to
instances of exencephaly such as the embryo shown in Fig.
3A. Sagittal and transverse sections of embryos with exen-
cephaly showed that their brains were grossly malformed
(Figs. 3B,C,E). In particular, the ventricular cavities of the
brain were collapsed in these animals and the neuroepithe-
lium was thick and highly convoluted compared to controls
(compare Figs. 3B,C,E to Figs. 3D,F).
Heart defects in Cx40/Cx43/ mice
Cx40/Cx43/ animals exhibited malformed hearts
beginning most notably at E11.5, although some defects
could be detected as early as E10.5 (Table 2). Fig. 4 showsthe gross appearance of hearts in exposed thoraxes of wild-
type and connexin-deficient embryos at E12.5. To avoid
post mortem changes, we photographed formaldehyde-fixed
hearts from E12.5 Cx40/Cx43/ embryos that were still
alive upon collection. Hearts from wild type, Cx40/, and
Cx43/ embryos appeared externally similar at this stage
(Figs. 4A–C; Table 2). E12.5 Cx40/Cx43+/ hearts were
also externally normal (not shown). Hearts from Cx40/
Cx43/ embryos, however, appeared grossly abnormal
(Figs. 4D–F; Table 2). Viewed frontally, the ventricles of
Cx40/Cx43/ hearts were distinctly malformed and
atypically rotated (approximately 45–90j) in a clockwise
direction, such that the right ventricle took on a more
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of the ventricles resulted in a lateral displacement and more
acute angle of attachment of the outflow tract of the heart.
Additionally, the external groove normally present between
the left and right ventricles (i.e. bulbo-ventricular groove)
was less pronounced in Cx40/Cx43/ hearts. Hearts of
Cx40/Cx43/ embryos that were already dead by E12.5
tended to be even more severely malformed. Atria of
Cx40/Cx43/ hearts were somewhat dilated compared
to controls but retained their normal left–right positioning.
We examined the cardiac defects of Cx40/Cx43/
embryos further by paraffin histology (frontal, transverse,
and sagittal planes) of embryos collected at E9.5–E12.5.
At E9.5, no obvious differences were detected in sections
of Cx40/Cx43/ hearts compared to wild-type controlsFig. 5. Histological sections of E9.5–E10.5 Cx40/Cx43/ hearts. (A–H) H
frontal, transverse (transv.), or sagittal planes. At E9.5, no differences were de
controls (A). At E10.5, three out of six Cx40/Cx43/ hearts sectioned appe
hearts showed a slight rotation of the ventricle (compare D and C). One E10.5
left and right ventricular regions appearing in the same section instead of on
ventricular myocytes in E10.5 Cx40/Cx43/ embryos appeared similar to tha
100 Am (A–H) and 1 Am (I).(Figs. 5A,B; Table 2). At E10.5, three out of six of the
Cx40/Cx43/ hearts appeared normal (e.g. Figs. 5E,F),
whereas two out of six appeared to have a slight rotation of
the ventricular tissue and outflow tract (e.g. Figs. 5C,D). In
one additional E10.5 Cx40/Cx43/ specimen, both the
future left ventricle and the future right ventricle could be
seen on a single sagittal section, whereas wild-type sections
in this orientation showed only a single ventricular cham-
ber (Figs. 5G,H). At E10.5–E12.5, the ultrastructure of
Cx40/Cx43/ ventricular myocardium appeared similar
to wild-type myocardium by electron microscopy, indicat-
ing that differentiation of cardiac myocytes was normal
(Fig. 5I).
By E11.5 and E12.5, all of the Cx40/Cx43/ embry-
os exhibited defective cardiac development (17 out of 17 atematoxylin and eosin stained sections of E9.5 and E10.5 hearts in the
tected in sections of Cx40/Cx43/ hearts (B) compared to wild-type
ared normal (compare F and E). Two out of six E10.5 Cx40/Cx43/
Cx40/Cx43/ heart showed more pronounced rotation, with both the
e (compare H and G). (I) By electron microscopy, the ultrastructure of
t of wild-type controls. a, atria; oft, outflow tract; v, ventricle. Scale bars,
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E11.5 Cx40/Cx43/ hearts routinely showed abnormal-
ly shaped ventricles and a distinct clockwise rotation of the
ventricles compared to wild-type controls (Figs. 6A,B).
Thus, the right ventricle typically occupied a more cranial
position whereas the left ventricle was positioned more
caudally. The interventricular septum was also rotated away
from its normal orientation. In sagittal sections of E11.5 and
E12.5 Cx40/Cx43/ hearts, two ventricular chambers
and one atrial chamber were frequently observed in a single
histological section, whereas wild-type sections showed
only one ventricular chamber and one atrial chamber per
sagittal section (Figs. 6C–F). Transverse sections typically
showed an acute bend in the outflow tract of E11.5 Cx40/
Cx43/ hearts (Figs. 6G,H). In transverse sections just
inferior to the outflow tract, only the right ventricle was
present in Cx40/Cx43/ specimens, whereas both ven-Fig. 6. Abnormal ventricular orientation in E11.5 and E12.5 Cx40/Cx43/ em
hearts in frontal, transverse or sagittal planes. (A, C, E, G, I, K, M) wild-type speci
Cx40/Cx43/ hearts (B) showed abnormally shaped ventricles and clockwise r
the Cx40/Cx43/ heart occupied a more cranial position whereas the left ve
chambers were observed in sections of Cx40/Cx43/ hearts (D, F) rather than
hearts typically showed a more acute bend in the outflow tract at its point of a
transverse sections just below the outflow tract, only the right ventricle was initiall
wild-type hearts (I). In the mid-region of the heart, both left and right ventricles w
hearts (K, L). Toward the apex of Cx40/Cx43/ hearts, however, the left v
approximately equally sized in the same region (M). a, atria; o, outflow tract; v,tricles were visible in sections of wild-type hearts (Figs.
6I,J). In subsequent sections of Cx40/Cx43/ hearts,
both left and right ventricles were evident, but toward the
apex of the heart, the left ventricle dominated the right
ventricle (Figs. 6K–N). Taken together, these results indi-
cate abnormal orientation of the ventricular chambers in
Cx40/Cx43/ hearts. Ventricular wall trabeculation,
atrial structure, and endocardial cushions appeared relatively
normal in Cx40/Cx43/ hearts (Fig. 6). Histological
sections were not collected after E12.5 because of Cx40/
Cx43/ embryo degradation (Table 2).
Cx45 and Cx37 expression is not altered in Cx40/
Cx43/ hearts
Ablation of Cx40 and Cx43 could result in alterations in
expression or distribution of other cardiac connexins, po-bryos. (A–N) Hematoxylin and eosin stained sections of E11.5 and E12.5
mens. (B, D, F, H, J, L, N) Cx40/Cx43/ specimens. Frontal sections of
otation of ventricles compared to wild-type hearts (A). The right ventricle in
ntricle was positioned more caudally. In the sagittal plane, two ventricular
one as in wild-type hearts (C, E). Transverse sections of Cx40/Cx43/
ttachment to the right ventricle (H) compared to wild-type hearts (G). In
y present in Cx40/Cx43/ specimens (J) instead of both ventricles as in
ere evident in transverse sections of both Cx40/Cx43/ and wild-type
entricle was larger than the right ventricle (N). Wild-type ventricles were
ventricle. Scale bar, 100 Am.
Fig. 7. Cx45 and Cx37 expression persists in Cx40/Cx43/ E12.5 heart. (A, B) Transverse frozen sections of wild-type and Cx40/Cx43/ E12.5
embryos were immunostained for Cx45. Ventricular and atrial tissue was broadly labeled with the Cx45 antibody and the staining pattern looked similar in
wild-type and Cx40/Cx43/ specimens. The section in A contains predominately ventricular tissue. In B, only one ventricle is seen because of the abnormal
rotation of the ventricles in this Cx40/Cx43/ specimen. (C, D) Higher-power images of Cx45 immunostaining in wild-type and Cx40/Cx43/ E12.5
ventricular myocardium. Punctate staining as well as diffuse staining was observed on the cardiac myocytes. (E, F) Wild-type and Cx40/Cx43/ E12.5
ventricle sections were also immunostained for Cx37. Cx37 immunosignal was detected in the endocardium in both specimens. (G) His bundle from wild-type
adult heart was immunostained for Cx45 as a positive control. The antibody preferentially labeled the Purkinje fibers of the His bundle as expected. (H) No
fluorescent signal was observed when only the secondary antibody was applied to sections (2j Ab only). v, ventricle. Scale bars, 100 Am (A, B); 20 Am (C, D,
H); 25 Am (E, F, G).
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Fig. 8. Atrial and ventricular septal defects in newborn Cx40/Cx37/
mice. (A, B) Transverse sections of a newborn wild-type mouse pup with
normal atrial septation. The section in A is superior to the section in B. An
arrow indicates the septum secundum, whereas arrowheads indicate the
septum primum. The septum primum and septum secundum overlap, with
the septum primum forming the flap of the foramen ovale at birth. (C, D)
Sections of newborn Cx40/Cx37/ mouse showing atrial septal defect
of the ostium secundum type. The area in C outlined with a white box is
shown at higher magnification in D. A double-headed arrow indicates the
persisting connection between the right and left atrium. Arrowheads in D
mark portions of the septum primum in the area of the ostium secundum. In
sections that were inferior to C and D, the primary atrial septum was
complete. Arrows in D point to the underdeveloped septum secundum. (E)
Transverse section of newborn wild-type mouse showing normal
interventricular septum. (F) Section of a Cx40/Cx37/ heart with a
ventricular septal defect resulting from impaired formation of the
membranous portion of the interventricular septum. An asterisk marks the
persisting interventricular connection. (G, H) Sections of two Cx40/
Cx37/ hearts with ventricular septal defects characterized by large blood-
filled, sac-like cavities (asterisks) in the muscular portion of the
interventricular septum. ra, right atrium; la, left atrium; rv, right ventricle;
lv, left ventricle; ivs, interventricular septum. Scale bars, 500 Am (A, B, C,
E, F, G, H); 200 Am (D).
Table 2
Frequency of defects in Cx40/Cx43/ embryos
Phenotype Embryonic stage
E9.5 E10.5 E11.5 E12.5 E13.5 E14.5
Embryo partially degraded
Cx40/Cx43/ 0/9 0/21 1/50 12/24 3/4 14/14
Cx40/Cx43+/ 0/14 0/50 3/73 6/76 0/19 0/17
Cx40/Cx43+/+ 0/8 0/19 1/30 1/41 0/11 1/17
Wild type 0/7 0/5 0/13 0/14 nd nd
Cardiac contractions arrested
Cx40/Cx43/ 0/9 2/21 1/50 14/24 3/4 14/14
Cx40/Cx43+/ 0/14 1/50 3/73 4/76 0/19 0/17
Cx40/Cx43+/+ 0/8 0/19 1/30 1/41 0/11 1/17
Wild type 0/7 0/5 0/13 0/14 nd nd
Malformed heart
Cx40/Cx43/ 0/8 3/6 17/17 10/10 nd nd
Cx40/Cx43+/ nd nd nd 0/8 0/13 nd
Cx40/Cx43+/+ nd nd nd 0/12 0/8 nd
Wild type 0/7 0/5 0/17 0/14 0/10 nd
Malformed head
Cx40/Cx43/ 0/9 2/21 8/50 6/24 nd nd
Cx40/Cx43+/ 0/14 0/50 3/73 6/76 nd nd
Cx40/Cx43+/+ 0/8 0/19 1/30 1/41 nd nd
Wild type 0/7 0/5 0/13 0/14 nd nd
Note. The number of animals with the indicated phenotype per total number
of animals analyzed is presented in the table. nd, not determined.
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type (Johnson et al., 2002). To address this possibility, we
used immunofluorescence microscopy and RT-PCR to ex-
amine the expression of Cx45 and Cx37 in wild-type and
connexin-deficient hearts. Cx45 immunostaining appeared
similar in both wild-type and Cx40/Cx43/ hearts from
E10.5 and E12.5 embryos. Fig. 7 shows that the Cx45
antibody labeled E12.5 ventricular myocardium in a diffusepattern as well as in small punctate (Figs. 7A–D). As a
positive control, His-bundle tissue from an adult wild-type
mouse heart was immunostained with the Cx45 antibody.
This resulted in preferential labeling of Purkinje fibers in the
His bundle, as expected from previous studies (Fig. 7G;
Coppen et al., 1998). Embryo and adult heart sections
incubated with secondary antibody only were negative
(Fig. 7H). Wild-type and Cx40/Cx43/ heart sections
were also immunostained for Cx37 and a similar pattern of
endocardial staining was observed for both genotypes (Figs.
7E,F). We also examined connexin mRNA levels by quan-
titative RT-PCR (Table 3). RNA was purified from whole
hearts isolated from wild-type, Cx40/, Cx43/, and
Cx40/Cx43/ E11.5 embryos. After reverse transcrip-
tion, specific primers were used to amplify segments of
Cx37, Cx40, Cx43, Cx45, and GAPDH cDNAs. Amplicons
examined by agarose gel electrophoresis were of the
expected size and depended on reverse transcription (not
shown). Cx37 and Cx45 signals, detected by real-time
SYBR Green I fluorescence and normalized to GAPDH
levels, were not significantly different in Cx40/Cx43/
E11.5 hearts versus wild-type hearts, nor was there a change
in the transcript levels in Cx40/ and Cx43/ hearts
(Table 3). In addition, we did not detect alterations in
Cx40 mRNA levels in Cx43/ hearts or a change in
Cx43 levels in Cx40/ hearts (Table 3). As expected,
Cx40 transcripts were absent from hearts of Cx40/
Cx43+/+ or Cx40/Cx43/genotype and Cx43 transcripts
were not present in hearts of Cx40+/+Cx43/ or Cx40/
Table 3
Connexin mRNA levels in wild-type and knockout E11.5 hearts








Cx37 100 F 4 95 F 8 89 F 7 90 F 6
Cx40 100 F 2 0 102 F 3 0
Cx43 100 F 1 99 F 0.1 0 0
Cx45 100 F 3 92 F 3 109 F 6 106 F 4
Note. The table lists the abundance of connexin mRNA transcripts (meanF
SEM) in connexin-deficient hearts as determined by quantitative RT-PCR.
The values listed for each genotype are relative to wild-type levels, which
were set at 100%. Connexin levels were normalized to GAPDH levels
measured from the same samples.
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taining and RT-PCR data indicate that there were no major
changes in the expression or distribution of nonablated
connexins in either the single or double knockout hearts at
these embryonic stages.
Septal defects in Cx40/Cx37/ mice
We wanted to determine if eliminating a different
combination of cardiac connexins would result in a devel-
opmental phenotype distinct from the Cx40/Cx43/
phenotype. To that end, mice lacking both Cx40 and
Cx37 were also generated and analyzed for cardiac defects.
We previously reported that Cx40/Cx37/ mice die
during the first postnatal day with blood vessel abnormal-
ities, but heart development in these mice was not exam-
ined (Simon and McWhorter, 2002). Histological analysis
of 24 Cx40/Cx37/ animals at birth revealed a high
incidence of both atrial and ventricular septal defects (Fig.
8). Persisting connections between the left and right atrial
chambers (atrial septal defects) were observed in 13 out of
24 Cx40/Cx37/ hearts. Figs. 8C,D show a typical
atrial septal defect of the ostium secundum type in a
Cx40/Cx37/ heart. The septum primum appeared
relatively normal, but the septum secundum had not devel-
oped properly. Atrial septal defects were largely associated
with the absence of both Cx37 and Cx40, as their incidence
was much lower in wild-type (2 out of 10), Cx37/ (1 out
of 8), and Cx40/ (3 out of 15) mice. Ventricular septal
defects were observed in 5 out of 24 Cx40/Cx37/
animals but defects of a similar nature were not found in any
of the wild-type, Cx37/, or Cx40/ animals (10, 9, 15
specimens examined, respectively; Figs. 8E–H). Two of the
Cx40/Cx37/ animals had persisting interventricular
connections characterized by defective formation of the
membranous portion of the septum (Fig. 8F). In addition,
three of the Cx40/Cx37/ animals with ventricular septal
defects exhibited blood filled, sac-like cavities in the mus-
cular portion of the interventricular septum (Figs. 8G,H).
Two of the animals with ventricular septal defects also had
atrial septal defects.Discussion
This report is the first to describe the phenotype of
mice completely lacking Cx40 and Cx43. Kirchhoff et al.
(2000) detailed cardiac defects in Cx40/Cx43+/ and
Cx40+/Cx43/ animals, but they did not examine Cx40/
Cx43/ mice. Furthermore, the phenotype of Cx40/
Cx43/ mice described here is distinct from those previ-
ously described for Cx40/, Cx43/, Cx40/Cx43+/,
and Cx40+/Cx43/ animals, all of which are viable well
beyond E12.5 (Kirchhoff et al., 2000; Reaume et al., 1995;
Simon et al., 1998). Our analysis of Cx40/Cx43/ mice
was facilitated by the ability to generate Cx40/Cx43/
animals at a relatively high frequency (25%) by inter-
breeding Cx40/Cx43+/ mice. Although we obtained
only 50% of the expected numbers of Cx40/Cx43+/
animals at weaning, the surviving Cx40/Cx43+/ mice
remained viable and fertile. In contrast, none of the
Cx40/Cx43+/ animals studied by Kirchhoff et al.
(2000) survived to weaning, displaying a graded deficien-
cy in normal cardiac development, most commonly seen
as defects at the AV junction. At E12.5, the Cx40/
Cx43+/ mice studied by Kirchhoff et al. (2000) had
normal hearts except for the absence of the mesenchymal
cap, which usually covers the free rim of the developing
primary atrial septum. Surprisingly, the atrial septa of our
Cx40/Cx43+/ animals (E11.5–E12.5) did not lack this
mesenchymal cap and the embryos had otherwise normal
cardiac structure (Table 2 and unpublished data). Differ-
ences in the phenotype of Cx40/Cx43+/ animals de-
scribed here and elsewhere could be due to nonidentical
strain backgrounds or, alternatively, might be related to
inherent dissimilarities in the Cx40/ mouse lines used to
generate Cx40/Cx43+/ animals. Kirchhoff et al. (1998,
2000) used an independently generated Cx40/ mouse
line. Approximately half of their Cx40/ animals die
during the septation period (approximately E13.5) and
additional numbers (16%) die after birth. In contrast, the
Cx40/ mice used in our experiments show only a slight
reduction in viability (Simon et al., 1998) Finally, differ-
ences in arrhythmia susceptibility between the Cx40
knockout lines have been noted (Kirchhoff et al., 1998;
Simon et al., 1998). The underlying basis for the pheno-
typic differences in these connexin knockout mouse mod-
els remains to be determined.
In terms of viability, the cardiac phenotype of Cx40/
Cx43/ animals is clearly more severe than that of either
Cx43/ or Cx40/ mice, although aspects of the pheno-
type are quite similar to looping defects described in
Cx43/ mice (Ya et al., 1998). Cx40/Cx43/ die
around E12.5, much earlier than mice lacking only Cx43,
which die neonatally with conotruncal defects and obstruc-
tion of the pulmonary outflow tract of the heart (Reaume et
al., 1995). The outflow obstruction and conotruncal mal-
formation in Cx43/ animals are likely due to aberrant
migration and function of cardiac neural crest cells, which
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et al., 1999). Consistent with this hypothesis, cardiac-
specific ablation of Cx43 circumvented the outflow tract
defects and neonatal lethality of the generalized Cx43
knockout mice (Gutstein et al., 2001). Recently, Li et al.
(2002) have also described an important role for Cx43 in
coronary artery development by examining Cx43/ em-
bryos at E14.5 and later. We were unable to test for similar
outflow tract and coronary artery phenotypes in Cx40/
Cx43/ animals since they die before these defects would
become evident. In another study, the establishment of heart
looping in Cx43/ embryos was examined at E10 and later
stages by Ya et al. (1998), who found that formation of the
normal D configuration in the ascending loop of Cx43/
hearts was significantly retarded. By E10–E11, this delay
caused the right ventricle to retain a craniomedial position
and also produced a more acute angle in the connection of
the cardiac outflow tract to the ventricle, quite similar to
what we observed in Cx40/Cx43/ animals. In most
cases, however, the D-loop configuration was eventually
established in Cx43/ animals by E12, although in a few
more severe instances the abnormal A-loop orientation
persisted and the right ventricle remained in the cranial
position (Ya et al., 1998). Overall, the malformation of
Cx40/Cx43/ hearts seems closely related to the loop-
ing defect of Cx43/ mice, but is a more severe version of
this phenotype since it does not resolve by E12 as in most
Cx43/ animals. Thus, with respect to cardiac looping,
Cx40 may partially compensate for the absence of Cx43 in
Cx43/ animals. Plum et al. (2000) have addressed the
issue of common versus unique functions of connexins by
knocking out Cx43 and replacing it with either Cx40 or
Cx32.
Heart defects in Cx40/Cx43/ mice could potentially
involve deficiencies in intrinsic cardiac cells and/or defects
in cardiac neural crest cells. In the myocardium, the absence
of Cx40 and Cx43 may contribute to the cessation of cardiac
contractions at approximately E12.5, when Cx45 levels are
declining (Alcolea et al., 1999). In addition, it is interesting
to speculate that looping defects in Cx43/ and Cx40/
Cx43/ animals could be related to a communication
deficit in the right ventricle. Expression of Cx40 is initially
asymmetric in the myocardium during development, with
Cx40 absent from the right ventricle until approximately
E11.5 (Delorme et al., 1997; van Kempen et al., 1996). The
looping defect in Cx43/ animals could be related to the
absence of both Cx43 and Cx40 in the right ventricle before
stage E11.5. Resolution of the looping abnormality of
Cx43/ animals by approximately E12 might then coincide
with the appearance of Cx40 in the right ventricle at
approximately E11.5. This would also explain why looping
defects do not resolve in Cx40/Cx43/ animals, since
the right ventricle lacks both connexins at all times. On the
other hand, a role for neural crest in heart looping is
suggested by experiments with chicken embryos, where
ablation of neural crest typically results in looping defects,among other abnormalities (Kirby and Waldo, 1995; Tomita
et al., 1991; Yelbuz et al., 2002). Neural crest involvement
might also account for the high incidence of exencephaly in
Cx40/Cx43/ embryos, since altered neural crest func-
tion has been associated with the development of neural
tube defects in other mouse models such as Splotch mutants
(Franz and Kothary, 1993; Moase and Trasler, 1992).
Interestingly, craniofacial defects and delayed ossification
have been reported in Cx43/ embryos at a later stage
(E16.5), and neural crest cell defects have been suggested as
a contributing factor (Lecanda et al., 2000). In addition,
neural tube defects have been observed in a subset of
transgenic animals overexpressing the Cx43 gene in the
dorsal neural tube and in subpopulations of neural crest cells
(Ewart et al., 1997). Studies by Lo and colleagues have
indicated that neural crest cells are quite sensitive to the
precise level of intercellular coupling (Huang et al.,
1998a,b; Sullivan et al., 1998). Although neural crest cells
clearly express Cx43, it is not presently known if they also
express Cx40 (Waldo et al., 1999).
The presence of Cx45 in the early heart is a likely
explanation for the viability of Cx40/Cx43/ animals
up to E12.5, despite the absence of two major cardiac
connexins. Cx45 is expressed early during cardiac develop-
ment, beginning as early as E8.5, and is developmentally
down-regulated at later stages (E11 and onward) (Alcolea et
al., 1999). Expression of Cx45, however, is maintained at
significant levels in adult hearts in specific areas like the
ventricular conduction system and atrioventricular node
(Coppen et al., 1998, 1999). Since Cx45 is present at the
time that cardiac contractions first initiate in the developing
heart, it has been suggested that Cx45 is important for the
slow conduction of these early contractions (Alcolea et al.,
1999). Our data that Cx40/Cx43/ animals are viable up
to E12.5 support the hypothesis that Cx45 is sufficient for
early cardiac contractions. Interestingly, Cx45 null animals
still initiate heart contractions at E8.25–E8.5, implying the
presence of an additional cardiac connexin at this early stage
or, alternatively, that low levels of Cx40 or Cx43 are
functionally expressed early but are difficult to detect other
than by RT-PCR (Kru¨ger et al., 2000; Kumai et al., 2000). In
addition to exhibiting defective blood vessel development,
mice lacking Cx45 die at approximately E10 with conduc-
tion block and an endocardial cushion defect likely resulting
from impaired epithelial–mesenchymal transformation of
cardiac endothelium (Kru¨ger et al., 2000; Kumai et al.,
2000). Thus, the cardiac phenotypes of Cx45/ and
Cx40/Cx43/ mice are quite distinct, presumably
reflecting differences in the expression patterns and func-
tional properties of the connexins. Our results suggest that
although Cx45 expression is sufficient to allow Cx40/
Cx43/ hearts to develop relatively normally up to E10.5,
Cx45 appears unable to fully compensate for the absence of
Cx40 and Cx43 after that stage.
Recent data suggest that the presence or absence of
Cx43 can influence the localization of Cx45 in the heart.
A.M. Simon et al. / Developmental Biology 265 (2004) 369–383 381Johnson et al. (2002) found that the absence of Cx43 in
newborn animals dramatically decreased the localization of
Cx45 at cardiac gap junctions, although total Cx45 content
in Cx43/ hearts was unchanged. Our RT-PCR results
indicate that Cx45 expression is maintained in E11.5 hearts
lacking Cx40 and Cx43 and that the level of Cx45
expression is similar to wild-type levels. Immunohisto-
chemistry also showed no obvious changes in Cx45
expression or distribution in E12.5 Cx40/Cx43/
hearts. Our immunolabeling experiments, however, were
performed at an earlier developmental stage than the
studies of Johnson et al. (2002) (E12.5 versus newborn).
Thus, the dependence of Cx45 localization on Cx43
expression described by Johnson et al. may arise only
later in heart development, perhaps with changes in cardiac
gap junction organization.
In contrast to the embryonic death of Cx40/Cx43/
animals, Cx40/Cx37/ mice survive until the first post-
natal day but have a high incidence of atrial and ventricular
septal defects. That Cx40/Cx43/ mice and Cx40/
Cx37/ mice exhibit very different cardiac phenotypes is
perhaps not surprising given the distinct expression patterns
of Cx37 and Cx43 in the heart. How the elimination of Cx37
and Cx40 results in septation defects is not clear, since it is not
immediately obvious that Cx37 and Cx40 are coexpressed in
cells that might be important for septal development. Cx37
and Cx40 could still influence septal development separately
and their combined absence may have a more serious effect
on septation than individual ablation. Atrial septal defects in
Cx37/Cx40/ animals appeared to be of the ostium
secundum type. The formation of the superior border of the
septum secundum differs from that of the septum primum in
that it involves invagination of the atrial wall rather than true
inward growth (Anderson et al., 2002). Perhaps, in this
infolding region of the atrium, gap junctions are required to
coordinate the process of invagination and, in addition, close
proximity of Cx40-expressing myocytes and Cx37-express-
ing endocardial cells are necessary for the septum secundum
to develop normally. Mild atrial septal defects have been
described in an independently generated Cx40/ mouse
line, suggesting some involvement of Cx40, by itself, in
atrial septation (Kirchhoff et al., 2000).
A subset of the ventricular septal defects in Cx40/
Cx37/ animals could potentially be due to abnormal
blood vessel development within the interventricular sep-
tum. Three out of five of the ventricular septal defects in
Cx40/Cx37/ animals were characterized by large
blood-filled spaces within the muscular portion of the
interventricular septum. Cx37 and Cx40 are co-expressed
in vascular endothelium, including coronary vessels (Gabri-
els and Paul, 1998; Ko et al., 1999; van Kempen and
Jongsma, 1999; Yeh et al., 1998). Moreover, we have
previously described similar vascular abnormalities in spe-
cific organs in Cx40/Cx37/ animals, among them testis
and intestine (Simon and McWhorter, 2002). The defects in
these tissues included large endothelium-lined cavities re-sembling hemangiomas. The appearance of some of the
ventricular septal defects in Cx40/Cx37/ pups resem-
bles this phenotype and suggests that coronary vessels
within the interventricular septum may also have a propen-
sity to develop anomalously in the absence of Cx37 and
Cx40. Two additional ventricular septal defects occurred in
the membranous region of the septum. This type of defect
can result from improper outflow tract ‘‘wedging’’, the
process by which the outflow tract of the heart is normally
brought into correct orientation with the ventricles (Kirby
and Waldo, 1995). Defects in the membranous portion of the
ventricular septum can also be caused by deficiencies in
endocardial cushions (Webb et al., 1998). Thus, Cx37 and
Cx40 may play some role in the intricate alignments that
occur during cardiac development. Finally, Gu et al. (2003)
recently detected ventricular septal defects in some Cx40/
mice and they suggested genetic background may be im-
portant in the penetrance of this phenotype.
In summary, we generated mice lacking both Cx40 and
Cx43 and mice deficient for Cx40 and Cx37 and find that
these animals display distinct cardiac developmental
defects. The specific heart abnormalities described here
were only fully observed when two connexin family
members were absent. Cx40/Cx43/ animals first
show signs of cardiac defects at E10.5 and die around
E12.5 with malformed, abnormally oriented ventricles,
whereas Cx40/Cx37/ animals survive until the first
postnatal day but have a high incidence of atrial and
ventricular septal defects. In addition, Cx40/Cx43/
embryos exhibited a high incidence of exencephaly, sug-
gesting a role for Cx40 and Cx43 in neural tube closure.
Our results support and extend earlier studies showing that
gap junction-mediated communication is important for
normal embryonic development and suggest both common
and unique functions for Cx40, Cx43, and Cx37 during
cardiac morphogenesis.Acknowledgments
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